Glucocorticoid hormone is shown to markedly suppress DNA synthesis in a line of rat hepatoma cells in vitro. In the presence of 300 nM hydrocortisone or 30 nM dexamethasone the incorporation of radioactive thymidine falls to 50% of control levels by 36 hr, and at higher concentrations of hormone inhibition can be noted as early as 12 hr and is nearly complete by 24 hr. This inhibition of radioactive thymidine incorporation reflects a true suppression of DNA synthesis, is accompanied by a corresponding inhibition of cell proliferation, and is readily reversible upon subsequent removal of hormone. In contrast to previously described effects of the glucocorticoid hormones on various cells of lymphoid origin, the inhibition of DNA synthesis in these hepatoma cells is not accompanied by appreciable cell lysis or by degradation of preformed DNA, and even when ['Hithymidine incorporation into DNA is inhibited by 90% or more, incorporation of ['4C]uridine into RNA proceeds with little change. These findings all parallel previous observations on the effects of glucocorticoid hormone on the livers of intact animals and suggest that studies on the mechanism of the inhibition of DNA synthesis in the present more isolated system may lead to a better understanding of the means by which these compounds inhibit liver growth in vivo.
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Despite the ready suppressibility of DNA synthesis in these hepatoma cells and in two other cell lines of liver origin, none of these cell lines was found to be inducible for tyrosine aminotransferase. The apparent dissociation between two "steroid-sensitive" phenomena is of interest and warrants further investigation.
It has recently been shown that the administration of even low doses of glucocorticoid hormone to rapidly growing rats results in a prompt and virtually complete inhibition of DNA synthesis in the liver (1, 2) . On the basis of this finding and the subsequent observation that the doses of hormone required for the suppression of DNA synthesis in a variety of other rapidly growing tissues correspond very closely to those necessary for a generalized suppression of somatic growth (1, 3) it has been suggested that glucocorticoid-induced suppression of DNA synthesis in an individual tissue such as liver might serve as a useful model in which to explore mechanisms underlying the well-known suppression of somatic growth which occurs in glucocorticoid-treated animals.
Despite the striking effects of glucocorticoid hormone administration on liver DNA synthesis in vivo, it has so far remained unclear whether this suppression reflects a direct effect of the hormone on the hepatocyte or whether instead DNA synthesis ceases because of changes resulting from effects of the hormone at other sites in the intact animal. In order to determine to what extent, if any, the suppression of liver DNA synthesis observed in vivo might be attributable to a direct effect of the hormone on the liver, it became of interest to examine the effects of these compounds on DNA synthesis in a more isolated system of liver cells in culture. In the present study we have examined the effects of glucocorticoid hormones on DNA synthesis by three different lines of cells of liver origin. The findings to be described all parallel previous observations on the effects of glucocorticoid hormone on the livers of intact animals (1, 4) and suggest that further studies on the mechanism of the inhibition of DNA synthesis in the present more isolated system may lead to a better understanding of the means by which these compounds inhibit liver growth in vivo. (7) with minor modification. The acidified RNA hydrolysis products obtained from the hepatoma cells employed in the present experiments exhibited an A2w0:A280 ratio of 1.37, close to the ratio of 1.34 reported for corresponding hydrolysates of RNA obtained from normal rat liver (8) . The DNA remaining after alkaline hydrolysis of the RNA was hydrolyzed in 0.5 M perchloric acid and determined by the method of Giles and Myers (9) . Protein was determined by a modification of the Folin-Ciocalteu method (10) .
MATERIALS AND METHODS

Materials
Radioactivity Determinations. Despite the selective extractions of RNA and DNA hydrolysis products by the methods given above, it was considered desirable to employ a doubleisotope technique in those experiments in which incorporation of precursors into both RNA and DNA was being examined simultaneously. Under the conditions employed for differential counting [0.5 ml of hydrolysis products added to 10 ml of Bray's solution (11)], efficiencies in a typical experiment were 60% for 14C and 6.2% for 'H.
Tyrosine Aminotransferase Activity was determined by the method of Diamondstone (12) with minor modifications. One unit of tyrosine aminotransferase was defined as that quantity of enzyme resulting in the formation of 1 nnol of product per min at 370 under saturating substrate conditions; a "working extinction coefficient" of 19,900 M-1 for p-hydroxybenzaldehyde at 331 nm was used (12) . In experiments in which tyrosine aminotransferase activity was to be determined the preparation of cell lysates and subsequent freezing and storage were carried out in the presence of 20 mM KPO4 buffer at pH 7.4 containing 1 mM a-ketoglutarate and 0.1 mM pyridoxal phosphate (13) .
RESULTS
An initial experiment was performed to see whether the addition of glucocorticoid hormone to cultures of hepatoma cells in vitro might result in an inhibition of thymidine incorporation. The results are shown in Fig. 1 . The addition of 50 AM hydrocortisone is seen to result, after a lag of 6-12 hr, in a progressive and profound inhibition of thymidine incorporation. A partial inhibition of thymidine incorporation is evident by 12 hr, and by 18 and 24 hr incorporation is reduced to less than 15 and 5%, respectively, of control levels.
The results of the preceding experiment demonstrate a striking suppression of radioactive thymidine incorporation in the presence of hydrocortisone. To examine the possibility that the observed inhibition of [ the effects of the hormone on isotope incorporation were then determined. Table 1 shows that a marked increase in nonradioactive precursor concentration had no effect upon the steroid-induced inhibition of thymidine incorporation, and hence that the observed suppression of isotope incorporation in the presence of hormone can not be simply attributed to glucocorticoid-induced changes in endogenous precursor pools.
While the preceding experiments strongly suggest that the observed decrease in thymidine incorporation represents a ture decrease in DNA synthesis, additional experiments demonstrated the latter more directly. Fig. 2 shows that, in addition to the inhibition of thymidine incorporation shown in Fig. 1 , the presence of the hormone results in an inhibition both of cell proliferation and of net DNA synthesis. That the observed inhibition of cumulative DNA synthesis in the presence of hormone can not be attributed to a superimposed hormone-induced degradation of DNA in the face of continuing DNA synthesis is excluded by the experiment illustrated in Table 2 .
It having been established that the suppression of thymidine incorporation in the presence of glucocorticoid hormone represents a genuine inhibition of DNA synthesis, it became of interest to determine the concentration of hormone necessary for this inhibition. Fig. 3 Twenty plates of hepatoma cells were prepared at an initial density of 3.5 X 106 cells per plate. After 36 hr hydrocortisone in ethanol was added to 10 of these plates at a final hormone concentration of 50 uM, and an equal volume of ethanol alone was added to the remaining 10 ("control") plates. After another 36 hr both control and hydrocortisone-treated cultures were treated in groups of five with the addition of 10 uCi of [3H]thymidine at either "high" or "low" specific activity, and the incorporation of isotope into DNA was determined 3 hr later. "High-specificactivity" thymidine: 20,000 mCi/mmol; "low-specific-activity" thymidine: 40 mCi/mmol; the resulting final specific activities, calculated on the basis of the known thymidine content of fresh medium, were 420 mCi/mmol and 36 mCi/mmol, respectively. In this experiment both the freezing and lysis of the cells and the initial precipitation of macromolecular material were carried out in the presence of added (nonradioactive) thymidine at a concentration of 50 ug/ml.
To determine the specificity of the inhibitory effects for DNA synthesis, plates of cells were incubated with or without hormone for either 24 Fig. 4 . It is seen that within 24 hr there is a 90% suppression of thymidine incorporation into DNA, while, in contrast, incorporation of uridine into RNA falls by only 25%. During the next 24 hr, although thymidine incorporation remains nearly totally suppressed, uridine incorporation continues at a rapid rate with negligible further change.
The continuation of uridine incorporation despite sustained and nearly total suppression of thymidine incorporation suggests that the glucocorticoid-induced suppression of DNA Five to seven plates of each of the above cell lines were treated with either hydrocortisone in ethanol (final concentration of hormone 50 IAM) or with an equal volume of ethanol alone ("control"). After 36 hr 10 1ACi of ['Hithymidine was added to each plate, and the cells in each plate were harvested 3 hr later and assayed both for incorporation of isotope into DNA and for tyrosine aminotransferase activity. Although the addition of steroid results in a striking suppression of isotope incorporation, it is seen to have no effect upon the TAT activity exhibited by any of the cell lines.
synthesis observed in these hepatoma cells can not be attributed to a generalized cytotoxic effect of the hormone. This is further demonstrated in Fig. 5 , which shows that, despite its completeness, the suppression of thymidine incorporation in the presence of hydrocortisone is readily reversible. Removal of hormone is seen to result in a prompt resumption of both thymidine incorporation and cell proliferation.
A final series of studies employing two additional liver cell lines demonstrated that, in these other cells as well, DNA synthesis is markedly suppressed in the presence of hydrocortisone (see Table 3 ). It is of interest that, as shown in this table, the capacity to respond to glucocorticoid with a decrease in DNA synthesis is not necessarily associated with inducibility for tyrosine aminotransferase synthesis, another glucocorticoid-sensitive property demonstrable in many cell lines of liver origin (14) (15) (16) (17) (18) (19) . Inhibition of cell proliferation and net DNA synthesis by hydrocortisone. Three sets of petri dishes (six to seven plates per set) were seeded with 3.5 X 106 hepatoma cells per plate. After 24 hr (at "zero-time") the cells in one set were harvested and counted, a solution of hydrocortisone in ethanol was added to a second set at a final hormone concentration of 50 MM, and an equal volume of ethanol alone was added to a third set. Fortyeight hours later the cells in these latter two sets were also harvested and counted, and the DNA was assayed in all three sets of plates. Results show means i SEM.
DISCUSSION
The preceding studies demonstrate that glucocorticoid hormones are capable of exerting a profound suppressive effect on thymidine incorporation by a variety of cell lines of liver origin in vitro. They show, moreover, that the observed inhibition of precursor incorporation represents a true suppression of DNA synthesis, and that this inhibition of thymidine incorporation is accompanied by a corresponding inhibition of cell proliferation and of net DNA synthesis. In sharp contrast to the effects of glucocorticoids on a number of cells of lymphoid origin, the inhibition of DNA synthesis which we observe in these hepatoma cells is not attended by a comparable inhibition of RNA synthesis (20, 21) , and even prolonged exposure to hormone, resulting in sustained suppression of DNA synthesis, is reversible and unaccompanied by DNA degradation or cell lysis (21) . All of these observations in the present hepatoma system have their counterparts in previously observed effects of glucocorticoid hormone administration on DNA synthesis and hyperplasia associated with normal liver growth in the intact animal (1, 4) , and suggest that the familiar inhibitory effects on liver growth in vivo may well be attributable, at least in part, to a direct effect of these compounds on hepatocytes.
The mechanisms by which the glucocorticoid hormones inhibit DNA synthesis are unknown, and indeed may differ from one cell type to another. Thus, while the glucocorticoidinduced suppression of DNA synthesis observed in certain lymphoid cells is attended by an overall suppression of both RNA (20, 21) and protein (20) (21) (22) (23) (24) synthesis and is promptly followed by cell death (21) and tissue involution (25) (26) (27) (28) (29) , the inhibition of DNA synthesis noted both in the present system and in intact liver is readily reversible and is unaccompanied by cell lysis. Although a number of hypotheses have been advanced to account for the inhibition that is observed in the former cells, the applicability of these explanations to the phenomena observed in the present hepatoma any overall cytotoxic effect. The good correlation between the current observations on hepatoma cells in culture and previous observations on hepatocytes in vivo suggests that studies on the mechanism of inhibition of DNA synthesis in the present more isolated system may lead to a better understanding of the means by which the glucocorticoids exert their profound inhibitory effects on liver growth in the intact animal.
The role, if any, of previously described glucocorticoid receptors in the mediation of the suppressive effects of these hormones on DNA synthesis deserves further study. Despite extensive studies by previous workers on both glucocorticoid binding (32) (33) (34) and tyrosine aminotransferase induction (14) (15) (16) (17) (18) in hepatoma cells, this is, to our knowledge, the first report of an effect of glucocorticoids on DNA synthesis in cells of liver origin. In this regard it is of note that while none of the cell lines examined in the present study was inducible for this enzyme, DNA synthesis was nevertheless capable of profound suppression by steroid in all three cell lines. The apparent dissociation between two "steroid-sensitive" phenomena is of interest and warrants further investigation. 
